Valuable quantitative information could be obtained from strongly overlapped chromatographic profiles of two enantiomers by using proper chemometric methods.
Introduction
Chirality is now a major issue in the design and development of new drugs and agrochemicals, supported by the understanding of the role of molecular recognition in many relevant biological events [1] . Also, a sustained increase in the development of chiral drugs in pharmaceutical industries has begun since three decades ago, the main motivation is that when a patent on racemic drug expires, pharmaceutical companies have the opportunity to extend its rights through the development of the chiral switch to the enantiomer with the desired activity [2] . At the same time, the new policy statements issued by the regulatory agencies promoted that new chiral drugs have to be produced in enantiomerically enriched pure forms [3] and the trends in the agrochemical industries are somewhat similar [4] . All these policies caused a significant change in the way the production plants are managed [5] .
Kinetic, pharmacological and toxicological properties of the individual enantiomers need to be fully assessed, regardless of the decision whether the chiral new product will be marketed in an enantiomerically pure form or as racemic mixture. From the analytical control point of view, this implies that a growing number of methods need to be developed aimed at the determination of the enantiomeric purity of optically active samples. In our opinion, methods based on liquid, gas or supercritical chromatography resorting to chiral columns are specially sensitive, simple and robust to be considered as gold standards.
The development of a chiral chromatographic method often requires expensive and timeconsuming testing of different columns and chromatographic conditions. Furthermore, a typical target value for enantiomeric purity is 99.5% [6] and the enantiomer of interest (minor peak) has to be usually quantitatively analyzed at levels down to 1% of the main enantiomer. This experimental situation requires injecting relatively large amounts of sample to increase the sensitivity for the minor peak and, as a consequence, the major component This article is protected by copyright. All rights reserved. might become broader and tailed as a result of mass overloading. This is especially a problem when the minority peak elutes after the big one, the little peak remains under the tail unless higher enantioresolution rates can be achieved. In RP-HPLC, baseline enantioresolutions are not easily obtained and, very often, it is necessary to decrease elution strength to obtain enough enantioresolution. There are also many examples where total separation is impossible under RPLC conditions and the use of normal-phase HPLC is needed [7, 8] . Either, very long analysis times in RPLC or the use of normal phase are expensive approaches. Moreover, pretreatment of biological samples usually requires specific polar solvents incompatible with normal phase [8] . Usually, the complexity of an enantioseparation problem can be simplified by the use of circular dichroism detectors (CD) [9] [10] [11] .
Chemometric methods would be an interesting choice to determine enantiomeric ratios.
Busch et al. reported the multivariate analysis of UV-spectral data in the presence of β-cyclodextrin for the determination of enantiomers of amino acids [12] . Later the authors extended the technique to model UV and fluorescence signals of a variety of chiral molecules, including pharmaceuticals, using several cyclodextrin derivatives as chiral auxiliaries [13] [14] [15] , the authors demonstrated that although the spectral differences were small, the signals could be correlated with enantiomeric composition using partial leastsquares (PLS) regression. More recently, the authors coupled IR spectroscopy with chemometrics for determining the enantiomeric excess of the pharmaceuticals norephedrine and phenylalanine [16] . Similarly, Zhou et al. proposed a successful chemometric analysis of attenuated total reflectance IR spectra of host-guest complexes of an M3 antagonist drug [17] .
More recently, PLS and also multivariate curve resolution (MCR) were combined with traditional IR spectra without any chiral auxiliary, since it was observed that the identical spectrum due to the R and the S-enantiomers changed their IR pattern for the racemic This article is protected by copyright. All rights reserved. mixtures, the authors modeled the regression signals of ketoprofen and also of mandelic acid solutions [18] . Valderrama and Poppi [19] developed a method based on parallel factor analysis (PARAFAC) [20] to model fluorescence excitation/emission matrix data of ibuprofen in the presence of β-cyclodextrin and 1-butanol. Very recently, the use of chemometrics for improving the methods of enantioseparation (experimental design) has been reviewed, explaining some specific retention mechanisms and chiral recognition (quantitative structure enantioselective retention relationships) and indicating chiral purity (enantiomeric excess) from different spectroscopic signals [21] . The determination of enantiomeric fraction of not completely resolved UV-signals of ibuprofen solutions using direct chiral LC combined with chemometric data analysis, has been recently proposed in our laboratory [22] . In that study, R-ibuprofen was accurately quantified even at a concentration level of 0.5 mg L -1 in the presence of 99.9% of the major enantiomer, by using an unfolded partial least-squares (U-PLS) algorithm [23] applied to elution profiles at multiple wavelength detection and even though the enantioresolution factor was as low as 0.87. This was possible due to the high sensitivity of methods based on second-order data for analyte quantitation.
In the present study we were not particularly interested in the chemometric resolution of the chromatographic profiles of R-and S-ketoprofen. The aim was to focus on the scope of the U-PLS chemometric algorithm to provide precise quantitative results after subsequently decreasing enantioresolution factors well below the unit and also for samples of different enantiomeric ratios. As a proof of concept, a very simple enantiomeric pair was selected with the objective of exploring the limits in the overlapping of the profiles beyond which the quality of the results would be seriously affected.
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Ketoprofen, 2-(3-benzolphenyl)propionic acid, is a largely consumed non-steroidal antiinflammatory drug with analgesic and antipyretic effects. As with other profens, the S-(+)
enantiomer has the desired pharmacological activity, and the R enantiomer is an impurity.
Complete chromatographic enantioresolution of ketoprofen is feasible under specific conditions [24] [25] [26] [27] , but our goal was to face a study taken ketoprofen as a model solute to demonstrate the applicability of chemometric algorithms to quantitatively resolve very difficult enantioseparations. These algorithms would make possible: i) faster chromatographic runs and, therefore, shorter retention times; ii) switching methods from in normal phase to RPLC, and consequently, replacement to more environmentally acceptable solvents; iii) quantitative analysis when total enantioresolution is not possible. Table 1 .
Materials and methods

Reagents and solutions
Racemic ketoprofen and (S)-(+)
Thirty test solutions, with random concentrations (ten for each concentration rate), were prepared from stock solutions with the three composition rates ( Table 2) .
Samples of S-ketoprofen pharmaceutical tablets were treated as follows. Ten pills were crushed and dissolved in methanol and centrifuged at 4000 rpm for 20 min to yield two stock solutions of about 1.6 mg mL -1 (considering the nominal content of active declared by the manufacturer). The standard addition method was applied to determine the accurate Sketoprofen concentration. Adequate dilutions were prepared from the latter two stock solutions in 50:50 (%, v/v) methanol/buffer TEAA 0.1% pH: 4 and, then filtered through a 0.45 μm nylon membrane before injection.
Instrumentation
All chromatographic studies were performed on an HP 1100 liquid chromatograph (Agilent Table 3 . The flow rate was set to 0.6 ml min -1 and temperature to 25°C. The injection volume was 10 µL. The output signals from the DAD detector were acquired between 190 and 290 nm every 1 nm with a frequency of 2.5
Hz. Chromatograms obtained were exported in matrix form, from 190 to 290 nm every 1 nm and within a window time adapted according to the elution time of both peaks in each mobile phase condition. Details are also given in Table 3 . However, for chemometric analysis, the high-absorbance region below 215 nm was avoided.
This article is protected by copyright. All rights reserved. under conditions of enantioresolution of 1.0, using a more polar phase (see Table 3 ) and data were recorded at 260 nm. Figures of merit from univariate calibration were then compared with those from U-PLS chemometric method. All details about the theory of U-PLS methods are provided in Supporting Information.
Validation of the model
Software
Chromatographic alignment, vectorization of data matrices and application of the U-PLS algorithm were made using MATLAB R2010a (The MathWorks, Natick, MA, USA). In the latter case, the MVC2 graphical interface toolbox was employed, which is available at www.iquir-conicet.gov.ar/descargas/mvc2.rar.
This article is protected by copyright. All rights reserved. Deconvolution methods are not applicable to these severely overlapped profiles with identical spectra [29] , which show, in addition, lack of reproducibility in the elution profiles from sample to sample, both in peak position and shape. These challenges make the PARAFAC algorithm, for example, inapplicable to the present problem. In the case of MCR, this algorithm is able to cope with changes in elution profiles for different experimental runs; however, the fact that the spectra for both sample components are identical precludes its application [30] . The best alternative to analyze the present system is U-PLS after a simple chromatographic alignment procedure applied to peak positions, with the latent variables employed by this algorithm modeling the changes in elution profile shapes.
Time alignment of elution profiles
The chromatographic profiles must be registered in the same time position in the data matrix so the algorithms can recognize the signals correctly, but small changes in HPLC elution profiles are unavoidable, probably due to slight fluctuations in mobile phase composition, column equilibration time or column effective temperature, even when the column has been thermostatted ( Figure 3A ). For this reason, it is necessary to align the chromatographic profiles in the elution time direction. In principle, this could be done using alignment algorithms seeking to maximize the correlation between a chromatogram and a reference one [31] However, this is not feasible in cases where strong profile overlapping produces a single peak or a peak with a shoulder. Thus, in the present case the recorded data matrices of each resolution condition were aligned by selecting one of them as a reference, and digitally moving all the others in the time direction until the maximum peak for the major component was aligned with the one in the reference matrix (see Figure 3B ).
U-PLS analysis
In our previous work [22] , the latent structured method unfolded partial least-squares was successfully used, due to its intrinsic flexibility towards profile shape changes, being modeled during the calibration phase. As explained in the theoretical section, a PLS model is built using unfolded calibration data and analyte concentrations, providing regression coefficients for prediction in new samples [23] . Figures of merit, such as sensitivity, uncertainty in predicted concentration and LOD, in the latter case incorporating the latest IUPAC recommendations [32] [33] [34] [35] , can be readily estimated using known expressions.
Leave-one-out cross validation was employed to estimate the optimal number of factors for U-PLS modeling. In each of the four studied resolution cases, the time region was selected as the one leading to the minimum predicted error sum of squares (PRESS) value for crossvalidation, using a moving-window strategy applied to the elution profiles at the single wavelength of 215 nm, selecting the optimum number of factors which was then applied to the determination of both enantiomers in the test solutions. A relatively large number of factors are initially selected to calculate the PRESS value for each factor, and the optimal number of factors are obtained by observing the changes of the PRESS. The finally selected values of A are quoted in Table 4 at each resolution value.
The accuracy and robustness of the calibration were demonstrated by predicting a set of independent validation samples described in Table 2 previously, values that were highly dependent on the host molecule used for their UVabsorption spectra measurements [14] . These differences were attributed to the stability of the diastereomeric complexes that can be formed and its effect on the UV spectra. Predictions based PLS models constructed from IR spectra showed somehow lower standard error of prediction (1.3%), but the validation samples were prepared with enantiomeric excess below 98.2% [17] . Similarly, relatively low predictive errors (lower than 4%) were found for ibuprofen fluorescence excitation/emission measurements in combination with PARAFAC, but once again, the mole fraction of enantiomers range from 50 up to 80% [19] . Table 4 shows the results of sensitivity, and limits of detection and quantification for univariate analysis and U-PLS calculations. The statistical prediction results (RMSEP, REP%, R 2 ) shown in Table 4 for M1 and M2 are similar and statistically comparable, and are seemingly better than those corresponding to M3 and M4. The latter values are relevant, since they allow us to assess the detection capability of the developed method concerning the minor component in the studied mixtures. According to Table 4 , at the elution conditions corresponding to M2, the LOD was as low as 0.1 mg L -1 . Since the mean calibration concentration of the major enantiomer is ca. 600 mg L -1 , the later LOD value corresponds to a ratio 6000:1, i.e., a composition rate 99.98:0.02.
With regard to the numbers of optimum latent variables, they are in general smaller in the case of the major S enantiomer, due to the fact that the signal from the minor R enantiomer is considerably small. The latter is greatly influenced by the signal from the major S enantiomer and also by any residual variation of the chromatographic bands from sample and to sample. Table 5 shows a step-by-step protocol to obtain quantitative data.
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Validation
The obtained results have been validated by:
i. comparison of the figures of merit obtained by univariate calibration of samples run under chromatographic condition M1 with those get from U-PLS and,
ii. determination of S-ketoprofen amount in pharmaceuticals.
The results obtained from U-PLS and from univariate calibration are compared in Table 4 .
Amazingly, the differences between all the figures, even those obtained under the worse enantioresolution conditions are of significantly superior quality when multivariate data were used. This is a clear indication of the potential of chemometric methods to acquire analytical information even though these profiles were severely overlapped. Table 6 gathers the results of the S-ketoprofen predicted in commercial tablets, using the three most potentially useful U-PLS calibrations. Samples were analyzed by HPLC under complete enantioseparation and by applying the U-PLS algorithm after partial separation.
Standard addition calibration results for the R enantiomer indicated its absence in these real samples (below the LOD). The relative errors between nominal and found concentrations are shown in the Table 4 . The statistical analysis of the recoveries, made through paired tstatistics, indicates that predictions of S-ketoprofen in these formulations were in excellent agreement with the nominal concentrations for M1, quite good for M2, and even reasonable for M3.
Conclusions
High-quality quantitative information in chiral analysis could be achieved even when complete separation is not possible and other analytical techniques are useless. The implementation of chemometric methods as a second data mode to deal with unresolved enantiomeric profiles allows decrease chromatographic costs by replacing normal phase LC by usually cheaper RP methods or, either, by using stronger solvent conditions to reduce analysis time. For instance, there are not significant differences in precision calculated from the chromatograms partially overlapped obtained with the two weaker mobile phases, so we can shorten the time of analysis to quantify the minor peak and, depending on the requirements, it is possible to quantify enantiomeric composition from strongly overlapped profiles. In this work, enantiomeric purity well below 1% could be determined with excellent precision even from highly overlapped signals and on the worst condition, i.e., a minor peak eluting after the main enantiomer. The same chromatograms after alignment. This article is protected by copyright. All rights reserved. This article is protected by copyright. All rights reserved. 
